Abstract: Nitrogen-rich porous materials have outstanding gas sorption and separation capacity. Using cage amines in the synthesis of metal-organic frameworks is a simple approach for generating the free nitrogen donor centers within the channels of porous materials without the post-synthetic modification. 1,4-Diazabicyclo[2.2.2]octane has a linear arrangement of nitrogen centers and can be used as a linear linker for the design of porous MOF materials. Urotropine has four nitrogen atoms and can act as a tetrahedral four-connected, pyramidal three-connected or bent two-connected linker. Such a diversity of coordination possibilities enriches the structural chemistry of MOFs and allows obtaining the frameworks with unique secondary building units and topology. The presence of cage amines in the structure affects the sorption characteristics of the materials. They demonstrate high selectivity to CO 2 and can participate as a heterogeneous base catalyst in the organic reactions. Besides that the cage-amine based metal-organic frameworks demonstrate photoluminescent properties and can be used as nanoreactors for photochemical transformations. These compounds are also an important object of thermodynamic studies helping us better understand the nature of host-guest interaction in the supramolecular systems.
Introduction
Metal-organic frameworks are an important class of modern porous materials and represent a particular structural and functional variety [1, 2] . They are built from metal centers of different geometries and polytopic organic ligands. MOF materials have high specific surface area in comparison to other inorganic and organic porous solids and show excellent gas sorption and separation characteristics [3, 4] . The synergy of metallic and organic blocks in MOFs leads to interesting catalytic [5, 6] , magnetic [7, 8] and luminescent activity [9, 10] . The permanent porosity of many MOFs is not only important for gas sorption applications but can be effectively implemented in the drug delivery [11] . MOFs are found to be useful for chromatography and other analytical applications [12, 13] . They may play an important role in the biomedicine in the future [14] .
Despite of some enthusiastic claims in the literature that the synthesis of MOFs is highly controllable and can be modulated simply by varying the organic ligands [15] , the real experimental practice is much more complicated. Numerous parameters affect the formation of a desirable product. This includes the temperature and the heat rate, the pressure, the properties of the solvent, acidity of the reaction media, the humidity, mechanical treatment of the reaction mixture (sonication, stirring) etc. However, we cannot ignore the important role of the ligand geometry and functionality in the formation of the framework. It is difficult, if not impossible to foresee the exact structure of the resulting compound, but we can still predict certain functional characteristics of this material. For example, employing the ligand with aliphatic nitrogen lone-pair centers we can expect the high selectivity of the resulting framework towards gasses with high adsorption strength, like CO 2 . Indeed, the direct structural observations of adsorbed carbon dioxide in [Zn 2 (atz) 2 (ox)] (atz = 3-amino-1,2,4-triazole, ox 2− = oxalate), the results of chemical calculations indicate the strong interactions between CO 2 and ligand's NH 2 fragment [16] . MOFs with aliphatic nitrogen also demonstrate catalytic activity in the Michael, transesterification [17] and Knoevenagel reactions [18] . Because of that MOFs with nitrogen-rich ligands are intensively investigated [19] .
However, the number of porous MOFs with non-coordinated aliphatic nitrogen atoms is limited [20] [21] [22] [23] [24] since such centres tend to bind to metal centres during assembly of the framework material. Post-synthetic modification is another approach to introduce free Lewis basic centres, but this tends to reduce the porosity of the material. Also, in certain cases post-synthetic modification leads to the loss of structural integrity of the material and has a negative impact on the adsorption selectivity of the porous material and its effectiveness in molecular separations.
In this review we describe an original and simple approach for generating the free nitrogen donor centers within the channels of porous materials without the post-synthetic modification. This strategy is based on the use of aliphatic cage amines, namely diazabicyclooctane and hexamethylenetetramine (urotropine). 1,4-Diazabicyclo[2.2.2]octane has a linear arrangement of nitrogen centers and can be used as a linear linker for the design of porous MOF materials. Urotropine has four nitrogen atoms. Depending on the number of nitrogen atoms which participate in the coordination, it can act as a tetrahedral four-connected, pyramidal three-connected or bent two-connected linker [25] . Such a diversity of coordination possibilities enriches the structural chemistry of MOFs, while the non-coordinated nitrogen atoms may act as sorption or catalytic centers.
First we consider the family of MOF material [Zn 2 (bdc) 2 
Structural chemistry of [Zn 2 (bdc) 2 (dabco)]
The crystals [Zn 2 (bdc) 2 (dabco)] · 4DMF · 0.5H 2 O (1 · 4DMF · 0.5H 2 O) can be obtained by heating the mixture of zinc nitrate hexahydrate, H 2 bdc and dabco in DMF [26] . This compound has a framework structure (Fig. 1a) . The binuclear secondary building units {Zn 2 (COO) 4 } are united through bdc 2− units to form the square-grid layers. The layers are connected to each other through dabco ligands forming the 3D structure with squarelike pores. The framework belongs to pcu topology and has no interpenetration. It is interesting enough, that the terephthalic fragments bdc 2− in the as-synthesized form are quite strongly bent, even though the bdc 2− is generally considered to be a rigid ligand. The dabco bridging ligands are disordered in two orientations in the structure. The free-space of the framework is occupied by solvent guest molecules.
According to the thermogravimetric analysis, the compound loses the guest molecules between 100 °C and 200 °C and start to decompose at 300 °C. An activated sample obtained by heating the as-synthesized compound [Zn 2 (bdc) 2 (dabco)] · 4DMF · 0.5H 2 O at 100 °C in vacuum retains its crystallinity and can be analyzed by the single-crystal diffraction methods. Like in the as-synthesized compound, the structure of the activated framework [Zn 2 (bdc) 2 (dabco)] (1) has disordered dabco ligands lying on the second-order crystallographic axes. The structure of activated material does not differ much from the as-synthesized form (Fig. 1b) . However, the bridging terephthalate fragments are unbent in the activated material. The framework has tetragonal channels of 7.5 × 7.5 Å. The channels are connected to each other through transversal windows of 3.5 × 4 Å.
Dabco ligand plays an important structural role: its relatively small geometrical size causes the formation of a framework with small pores, but on the other hand it prevents the interpenetration. Nevertheless, the framework is highly porous having 62 % of solvent accessible volume.
The straightening of the bridging terephthalate ligands in the structure of activated [Zn 2 (bdc) 2 
Adsorption properties of [Zn 2 (bdc) 2 (dabco)] and its analogs
The experiments on sorption of nitrogen and hydrogen gasses at low pressures and 77 K further confirm the permanent porosity of [Zn 2 (bdc) 2 . The nitrogen sorption isotherm is fully reversible and belongs to the I type, which is typical for microporous materials. The data demonstrate the high saturation rate of the framework with nitrogen. Meanwhile the hydrogen sorption isotherm at 77 K shows no saturation even at 1 atm. The maximal measured uptake at 1 atm and 77 K is 226 mL g , that corresponds to 2 wt.% of hydrogen.
Furthermore, the sorption of methane was studied in details [27] . The sorption/desorption isotherms were collected at pressure up to 35 atm. The isotherms are reversible and belong to type I. The maximal methane uptake at the room temperature (296 K) is 137 mL mL and exceeds the methane heat of adsorption calculated for inorganic sorbents [30, 31] , but is close enough to the values obtained for other porous MOF materials [32] [33] [34] . The positions of the methane adsorption sites in [Zn 2 (bdc) 2 (dabco)] were investigated by the single-crystal X-ray diffraction technique. The activated crystal of [Zn 2 (bdc) 2 (dabco)] was sealed in a glass capillary filled with methane at 77 K. The diffraction was obtained using the synchrotron irradiation at 90 K. According to the obtained data (Fig. 2) , the methane molecules are localized in three distinct centers (further denoted as A, B and C). The A centers lay on the reflection plane close to metallic centers {Zn 2 (COO) 4 }. If we consider the pores in [Zn 2 (bdc) 2 (dabco)] as a slightly distorted cube, containing eight vertexes {Zn 2 (COO) 4 }, eight edges of bdc 2− and four edges of dabco ligands, this imaginary box will accommodate eight A centers. The methane molecules in B centers are located on the reflection planes between dabco and bdc 2− ligands. Each pore contains 4 such centers. The third sorption site is located in the center of the pore. The intramolecular distances between the methane molecules in the A centers are 4.29 and 5.30 Å. The A and B centers are located pretty close to each other (A…B distance is 3.83 Å) and therefore probably cannot be occupied simultaneously. Thus, the structure was refined in the assumption of 0.5 occupancy of A and B sorption sites. We can interpret this as a formation of a superstructure of the guest methane molecules, where one half of all accessible pores have fully occupied A centers, while the rest half of the pores contain fully occupied B centers. The occupancy of the C center was refined as 0.69.
These crystallographical data on the site occupancy have however the direct experimental confirmation. Indeed, according to the occupancies information, the total maximal amount of sorpted methane per formula unit in [Zn 2 (bdc) 2 contacts. The methane molecules in B centers also form non-valent contacts with bdc 2− rings (CH 4 … {C 6 H 4 } = 3.99 Å). The methane molecules in the C center do not interact with the framework, but they have weak contacts with neighboring A and B centers (distances A…C = 4.02 Å and B…C = 3.91 Å).
The study of gas sorption in MOFs using the accurate single-crystal X-ray diffraction technique has a fundamental importance for understanding the gas adsorption. They are especially important because there are still only a few works on the crystallographic study of the gas adsorption in MOFs in the literature today [35] [36] [37] .
[Zn 2 (bdc) 2 (dabco)] offers a unique opportunity to determine the influence of the internal surface functionalization on the MOF sorption properties. We obtained a number of ZBU analogs employing the functionalized terephthalate ligands [38] .
All the obtained compounds have the similar composition [Zn 2 (xdc) 2 ), similar framework topology and are permanently porous. Together with [Zn 2 (bdc) 2 (dabco)] they form one family of isoreticular frameworks. We investigated the sorption of nitrogen and hydrogen to compare it with the characteristics of parent framework [Zn 2 (bdc) 2 (dabco)]. The experimental data are summarized in Table 1 .
All compounds become saturated with nitrogen in the low-pressure region up to 0.1 atm, and this is characteristic for microporous materials. The accessible pore volume varies from 0. .
The introduction of the functional groups into the framework leads to some shrinking of the pores. Theoretically this should decrease the sorption characteristics of the compounds. However, the calculations show, that the decrease in the pore size and the specific surface area does not strongly effect on the nitrogen uptake. Furthermore, 1, the most porous compound in the family, sorbs the lesser amount of nitrogen in comparison to the denser frameworks.
These data show the functionalization can significantly increase the interaction potential between the gas molecules and the framework. The hydrogen adsorption plots of [Zn 2 (xdc) 2 (dabco)] have pronounced unsaturated profile, which is typical for porous materials. The reason for that is too big difference between the temperature of the sorption experiments (77 K) and actual very low boiling point of hydrogen (28.3 K). The slope of isotherms in the low-pressure area (Fig. 3) is related to Henry constant of adsorption. Thus the different slopes of isotherms observed for compounds indicate different binding constants of H 2 with the surface. Using the Langmuir model the corresponding constants were calculated. Indeed the functionalization of [Zn 2 (bdc) 2 (dabco)] enhances the framework affinity to H 2 in the low-pressure area. The methyl functional groups in [Zn 2 (Me 4 bdc) 2 (dabco)] have the most strong effect observed in the family. However, these binding sites play an important role only in the low-pressure area. At higher pressure (up to 10 atm) the hydrogen sorption On the other hand, the monolayer physisorption of hydrogen gas cannot be reached at room temperature even at about 100 atm pressure. Thus, under these conditions an effective hydrogen sorbent should have more binding sites, because the sorption energetics plays the crucial role prior to the formation of monolayers. In summary, this comparative study of the influence of functional groups on the hydrogen sorption is an important step towards understanding the hydrogen sorption in MOFs. The practical aspect of this research may help us to create the hydrogen solid-state accumulators in the future.
Benzene sorption in ZBU
[Zn 2 (bdc) 2 (dabco)] (1) can form various inclusion compounds as well. Treating the crystals of 1 with benzene results in the formation of compound 1 · 2C 6 H 6 . Its structure was determined by the single-crystal X-ray diffraction method. It is interesting to note, the introduction of benzene molecules results in some distortion of the host framework (Fig. 4) . The initial square grid of the terephthalate layers {Zn 2 (bdc) 2 } becomes rhombic. Such a structural distortion does not affect the Zn2…Zn2 distances in the framework.
Additionally, we studied the thermodynamics of the benzene sorption/desorption process in [Zn 2 (bdc) 2 (dabco)]. The benzene sorption isotherms were collected in the temperature range 25-90 °C [39] . The maximum benzene content at room temperature from these data corresponds to the empirical formula [Zn 2 (bdc) 2 (dabco)] · 3.8C 6 H 6 . However, the value of maximal uptake strongly depends on the sample prehistory, especially on the thoroughness of DMF removal from the initial substance. The average heat of sorption of 1 mol of gaseous benzene is -52.0 kJ/(mol of [Zn 2 (bdc) 2 (dabco)]) for the composition range from [Zn 2 (bdc) 2 
Urotropine-based MOFs. Role of urotropine in the design of MOFs
The use of the urotropine as an auxiliary ligand could significantly diversify the possible geometries of the resulting frameworks since it can act as a mono-, di-, tri-or even a tetratopic ligand. On the other hand it is a relatively strong organic base and its introduction in the reaction mixture can affect the acidity of the media. Thus urotropine can act not only as a ligand but as a mediator in the synthesis of MOFs. The following examples illustrate this double role of the urotropine in the chemistry of metal-organic frameworks.
Heating the mixture of Cd(NO 3 ) 2 · 4H 2 O, 2,5-furandicarboxylic acid and urotropine (the reagents were taken in 4:6:1 ratio) in DMF yields colorless crystals of 2D-MOF [Cd 2 (dmf) 3 (fdc) 2 ] (2) [40] . This layered coordination polymer is built from binuclear {Cd 2 (dmf) 3 (COO) 4 } fragments united by fdc 2− ligands (Fig. 5) . The 2D sheets are densely packed forming a double-layered structure. The urotropine did not present in the structure neither as a ligand nor as a guest molecule, but the synthesis cannot be reproduced in the absence of urotropine.
Urotropine acts as a modulator in the synthesis of another layered coordination polymer [Zn 2 (Nmp) 2 (tdc) 2 ] · 2NMP · 0.5H 2 O (3) [41] . The structure is constructed from the paddle-wheel secondary building blocks {Zn 2 (Nmp) 2 (COO) 4 } united by tdc 2− fragments (Fig. 6 ). The layers have square windows with dimensions 6 × 6 Å. The interlayer space is filled with NMP and water molecules. However, the use of DMF instead of NMP in this reaction yields to completely different product [Zn 6 (H 2 O) 3 (dmf) 6 (ur) 2 (tdc) 6 ] · 4H 2 O (4) [42] . This framework contains a unique binuclear secondary building unit {Zn 2 (dmf)(μ 2 -H 2 O)(μ 2 -RCOO) 2 (RCOO) 2 } (Fig. 7) . This SBU has been never reported to occur in synthetic 3D frameworks, but there are few examples of molecular complexes with the same coordination mode [43] . Being united together by urotropine (acting as 3-topic linkers) and tdc 2− ligands, these SBUs form a 3D network containing small voids with trapped disordered water (four guest water molecules per formula unit). The framework topology can be described as a binodal (3,6-c) net. Thus urotropine can act as a modulator and as a ligand in the same system, depending on solvent which was used in the reaction. The possible reason for this may lay in the nature of electrostatic interactions between the ligands and solvent molecules during the process of self-assembly of the coordination polymers.
Synthesis, structure and step-by-step activation of [Zn 4 (dmf)(ur) 2 (ndc) 4 ] · 5DMF · H 2 O
Urotropine is not simply a bridging ligand. It has nitrogen lone-pair centers, which can act as active sites for gas sorption and catalysis. Thus the permanently porous urotropine-containing MOFs are especially interesting for the development of effective gas storage and separation techniques. The influence of urotropine [44] . According to the single-crystal X-ray diffraction data, the structure of compound 5 contains a framework built from binuclear secondary building units of two types connected by linker ligands of urotropine and ndc 2− (Fig. 8a,b) . The framework contains a system of non-intersecting channels of two types (Fig. 8c) . The larger α-channels with the size of 9.5 × 11 Å are hexagonal in cross-section and have basic nature since their walls contain noncoordinated nitrogen centers of the urotropine ligands. On the contrary, the smaller β-channels (4 × 5 Å) have only Zn 2+ Lewis acidic centers. Their internal space is fully occupied by DMF molecules coordinated to Zn atoms. Treating as-synthesized form 5 · 5DMF · H 2 O with dichloromethane for 3 days with subsequent heating in the dynamic vacuum leads to compound 5 with empty α-channels yet occupied β-channels. The nitrogen sorption experiments and PXRD confirmed its permanent porosity. The calculated BET surface area was found to be 820 m 2 g −1 . The common solvent-exchange or thermal activation techniques are not suitable for the direct removal of coordinated dmf molecules from the β-channels. Meanwhile, compound 5 reacts with the acetone solution of sulfur nitride forming an orange crystalline inclusion compound [Zn 4 (S 4 N 4 )(ur) 2 (ndc) 4 ] · xMe 2 CO. The single-crystal X-ray analysis reveals S 4 N 4 molecules selectively substitute DMF ligands in β-channels. There are only electrostatic interactions between S 4 N 4 molecules and the walls of the β-channels (Fig. 9 ), thus they are labile enough and can be substituted for acetone at a higher temperature (50 °C). Its activation in a dynamic vacuum for 12 h leads to the fully activated metal-organic framework 5′ [Zn 4 (ur) 2 (ndc) 4 ], which has empty α-and β-channels. Alike compound 5 coordination polymer 5′ is permanently porous, and demonstrates an increased surface area (111 m 2 g ). Thus the full activation of the framework 5 is a rare example of step-by-step activation of the MOF material mediated by S 4 N 4 molecules.
The unique biporous nature of framework 5′ and the remarkable difference in the host affinity between the α-and β-channels was demonstrated by the highly selective separation of S 4 N 4 and benzene. The saturation of fully activated compound 5′ with 0.05 M S 4 N 4 solution in benzene resulted in the formation of orange crystals, their structure was determined by the single-crystal X-ray crystallography. Each component of the S 4 N 4 -C 6 H 6 mixture is accommodated in the particular compartment of the biporous structure. The β-channels selectively absorb S 4 N 4 molecules from the mixture, while the benzene molecules fill exclusively the α-channels.
Synthesis and structure of [Zn 11 (H 2 O) 2 (ur) 4 (bpdc) 11 ]
Microporous coordination polymer [Zn 11 (H 2 O) 2 (ur) 4 (bpdc) 11 ] (6) was obtained under similar conditions to the synthesis of 1, but using 4,4′-biphenyldicarboxylic acid, instead of H 2 ndc [45] . According to the single-crystal X-ray diffraction data, compound 6 has a framework structure, built from trinuclear {Zn 3 (COO) 6 }, binuclear {Zn 2 (COO) 4 } and mononuclear {Zn(H 2 O)(COO) 2 } secondary building units connected by organic linkers. It contains a system of intersected channels with characteristic aperture 7 × 9 Å, which are filled with solvent guest molecules in the as-synthesized form (Fig. 10) . The guestfree sample was prepared by soaking the as-synthesized crystals in cyclohexane with the following heating in the dynamic vacuum.
The permanent porosity of compound 6 was demonstrated by the nitrogen sorption experiments. The calculated BET surface area made up 550 m 2 g −1
. 
Selective gas sorption by urotropine-containing MOFs
The internal surface of the channels in the activated materials 5 and 6 is decorated with non-coordinated N-atoms of urotropine ligand. These lone-pair centers can enhance the affinity of the frameworks towards gasses with high adsorption strength (acetylene or CO 2 ). In order to check this hypothesis, we recorded sorption/desorption isotherms of CO, CO 2 , and C 2 H 2 at two temperatures (298 and 273 K) for both metalorganic coordination polymers (Fig. 11) . Both compounds show significantly lower affinity to CO, in comparison to CO 2 and C 2 H 2 . For the quantitative characterization of the framework's selectivity towards above-named gasses we calculated selectivity factors (SF) from the Henry constants ratios (Table 2) .
According to these data both compounds show good sorption selectivity for carbon dioxide in CO 2 -CO gas pair and for acetylene in C 2 H 2 -CO 2 gas pair. Moreover, compound 6 demonstrates one of the highest selectivity to CO 2 over CO reported for microporous materials.
To model the sorption of binary gas mixtures (CO 2 /CO and C 2 H 2 /CO 2 ) we used an ideal adsorbed solution theory (IAST). The characteristic r-shaped lines for CO 2 adsorption (blue lines on Fig. 11c,d ) indicate high efficiency for carbon dioxide uptake from CO 2 /CO mixtures. For example, a 20 % CO 2 content of the blast furnace exhaust gas can be captured with 95 % efficiency using porous compound 2 under ambient conditions (298 K, 1 atm). The crucial role of nitrogen adsorption sites in the framework selectivity was proved by the DFT calculations as well. In the case of C 2 H 2 and CO 2 it was found that the excess charge was localized on the N-atoms of the urotropine fragment (Fig. 12) . On the contrary, in case of CO the charge density isosurface shows only charge redistribution in the adsorbed CO molecule indicating pure van der Waals interaction between N-centers of the framework and guest gas molecules. The results of calculations are in agreement with the observed experimental data for 5 and rationalize the experimentally obtained heats of CO 2 and C 2 H 2 adsorption in 5 and the observed independence of the heat of adsorption of CO with gas loading. Since 6 demonstrates similar sorption behavior, one can assume its selectivity for CO 2 and C 2 H 2 over CO has the same physical and chemical basis.
Catalytic properties of [Zn 4 (dmf)(ur) 2 (ndc) 4 ]
The nitrogen atoms located on the internal surfaces of compound 5 can act as centers for basic catalysis [46] . Thus, along with the outstanding sorption characteristics compound 5 demonstrates catalytic activity in the reaction of Knoevenagel condensation between some aromatic aldehydes and malononitrile:
The reaction rate was controlled by the checking the NMR spectra of the aliquots from the reaction mixture. Following this protocol, we could achieve 95 % conversion after 9 h using activated compound 5 (10 mol.% of 5, 40 °C). Based on the assumption that all non-coordinated nitrogen atoms of urotropine act as catalytically active sites, we determined the turnover frequency of the catalyst (N) for these reaction conditions. It is 2.4 and indicates the catalytic reaction. The reaction yield depends strongly on the temperature and amount of the catalyst. The reaction yield at room temperature with 5 mol.% of 5 is only 17 % after 24 h. In the presence of 10 mol.% of 5 the yield attains 29 % after 24 h. The turnover frequency of the catalyst in these cases is, however, smaller than 1. This means compound 5 participates as a stoichiometric reagent or the catalytic sites are rapidly blocked by the reaction products under these conditions.
Compound 5 is a size-selective catalyst. While the reaction rates of PhCHO, 1-NaphCHO, 4-BpCHO, and 1-PyrCHO reaction with malononitrile are equally high in the homogeneous conditions, we observed totally different situation under heterogeneous conditions using [Zn 4 (dmf)(ur) 2 (ndc) 4 ] as a catalyst. The highest yield can be achieved in the reaction with benzaldehyde. At the same time, the yields of the reactions with other three larger aldehydes are comparable and significantly lower than that in the case of PhCHO. It is most likely that the dimensions of benzaldehyde molecules allow the compound to diffuse easily to the channels of the coordination polymer [Zn 4 (dmf)(ur) 2 (ndc) 4 ] and to interact with the basic sites of nitrogen, whereas the diffusion of 1-NaphCHO, 4-BpCHO, and 1-PyrCHO is more difficult and the catalytic reaction occurs on the external surface of [Zn 4 (dmf)(ur) 2 (ndc) 4 ] crystals.
The heterogeneous nature of catalysis in all experiments was proved by the filtration test. The stability of the catalyst was controlled by PXRD.
Some aspects of [Zn 4 (dmf)(ur) 2 (ndc) 4 ] host-guest chemistry Inclusion compounds of aromatics. The luminescent behavior
The capacious α-channels within the framework 5 are able to accommodate much larger molecules than CO 2 or acetylene. It forms the inclusion compounds with various organic and organometallic compounds, such as benzene, nitrobenzene, toluene, ferrocene, trans-stilbene and photoactive diarylethene derivatives. The inclusion compounds can be obtained either by simple mixing the crystals of 5 with liquid aromatic substances (benzene, toluene, nitrobenzene) or by heating the mixture of solid substances. In most cases, the products retained their crystallinity and it was possible to structurally characterize the obtained adducts.
While investigating the photoluminescent properties of compound 1 and its host-guest adducts we discovered interesting guest-dependent alterations in the luminescence intensity (Fig. 13) . Compound 1 itself demonstrates strong blue emission with broad maximum at λ = 430 nm (λ ex = 370 nm). The formation of the host-guest systems with benzene, ferrocene and nitrobenzene did not change the peak's position but dramatically affected its intensity. After the immersion of the guest-free framework into the liquid benzene and formation of 1 · 6C 6 H 6 , the luminescence intensity increased, whereas the formation of the inclusion compounds with ferrocene 1 · 4Fe(Cp) 4 or nitrobenzene 1 · 2.5C 6 H 5 NO 2 causes practically full luminescence quenching. Such a behavior makes compound 1 a promising candidate for sensor applications of nitroaromatic and poisonous organometallic compounds.
Thermal properties of the inclusion compounds
Several inclusion compounds of framework 5 including the as-synthesized form [Zn 4 (dmf)(ur) 2 [48] . The inclusion compound with benzene is more stable than the compound with toluene. One might suppose the inverse relation between molar masses (78.11 and 92.14 g mol ). The lesser stability of the toluene inclusion compound may relate to the geometrical shape of the toluene molecules. Toluene molecules are bulkier than benzene, at the same time they have a lower point symmetry. This may result in the weaker intermolecular bonds between the toluene molecules and the intrinsic surfaces of the framework. These data are another proof that the kinetic stability of the inclusion compounds does not depend on the thermodynamic parameters of the evaporation (temperature T vap and heat ∆H vap ) of the guest molecules.
In addition to thermogravimetric data, the benzene sorption was analyzed by the methods of chemical thermodynamics [49] . According to isopiestic experiments, the maximal benzene uptake is 7 C 6 H 6 molecules per formula unit, what is higher than the result obtained from the single-crystal X-ray diffraction experiments (six benzene molecules per formula unit). While investigating the desorption process in the series of inclusion compounds [Zn 4 (dmf)(ur) 2 (ndc) 4 ] · xC 6 H 6 · yH 2 O, it was possible to determine two types of desorption processes, since their thermodynamic characteristics were significantly changed with the temperature. For instance, the enthalpy of H 2 O desorption in the temperature interval 316-345 K makes 47.7 ± 2.0 kJ mol . This may indicate the presence of at least two different sorption sites on the internal surface of the MOF material [49] .
Inclusion compounds with photoactive molecules
Contrary to the case of benzene or nitrobenzene, the luminescent spectrum of the trans-stilbene (trans-st) inclusion compound 5 · 3 trans-st differs from both solid-state spectra of pristine trans-stilbene and compound 5, which indicates the significant interaction between the framework and the guest molecules [50] (Fig. 14) . The inclusion compound 5 · 3 trans-st was obtained by heating the mixture of 5 and 10-fold excess of trans-stilbene in an evacuated ampoule for 24 h at 105 °C. The orange crystals of the obtained adduct were washed with acetonitrile and analyzed by the X-ray single-crystal technique. According to the structural data, there are 3 trans-stilbene molecules per formula unit of 5.
Since trans-stilbene is a well-known photoactive molecule, it was interesting for us to investigate, how the interactions between the framework and the incapsulated trans-stilbene affect its photochemical behavior. The solid-state photochemical reaction was controlled by the UV spectroscopy. In much the same way as the pristine trans-stilbene, only a decrease of the absorbance in the range of 260-340 nm during the reaction was observed, which indicates the trans-to-cis isomerization of the incapsulated stilbene. The quantum yield of the isomerization was found to be 0.2, which is in order of magnitude higher than for pristine trans-stilbene (ϕ = 0.008). Therefore the different spatial arrangement of the stilbene molecules within the channels of the framework 5 promotes the photochemical reaction, which makes compound 5 to be an effective photochemical reactor at a molecular level.
Conclusions
Cage amines play an important role in the modular synthesis of metal-organic frameworks. As organic bases, they can act both as mediators in the formation of the certain MOFs and as polytopic ligands. MOFs with cage amine ligands have rich structural chemistry. They have layered or framework structures of various topological types. Porous cage amine-containing MOFs demonstrate good sorption characteristics and can be employed as facile model objects for understanding the mechanism of hydrogen, methane, carbon dioxide, acetylene sorption. Alongside the gas adsorption, these materials are able to form different inclusion compounds. Their structural and physicochemical investigation is not only of the fundamental importance. The formation of certain host-guest systems with these MOFs may affect the photoluminescence properties of the frameworks, this makes cage amine-containing MOFs be prominent candidates for molecular detection.
